The Ordos Basin is the second largest sedimentary basin in China.
Introduction
The Ordos Basin is the second largest sedimentary basin in China with an area of 250,000 km 2 . It lies in the west of the North China Craton (NCC). The NCC is an extensive epeiric platform (1500 km east-west and 1000 km north-south).
The platform, which dates from the Precambrian, provided a stable setting upon which Cambrian through Middle Ordovician marine rocks were deposited [1] . A middle Paleozoic deformation resulted in a significant unconformity that separates these lower Paleozoic rocks from overlying middle Carboniferous rocks. After a platform-wide hiatus during the middle Paleozoic, alternating marine and terrestrial deposits accumulated on the platform during the Carboniferous and Permian [2] . Due to the regional uplift, continental conditions prevailed in the Triassic. Provenance analysis is important for sedimentary basin analysis and is also the essential evidence for both the evolution and the depositional environment history of a basin [3, 4] . Our study focused on the early Yanchang Formation of the southern Ordos Basin. The Yangchang Formation is the key oil-bearing layer in the Ordos Basin. Much research has been done to determine the provenance of the Yanchang Formation. Traditional approaches were used in previous research, including petrographic, heavy mineral, geochemistry and clastic rock components methods [5] [6] [7] [8] [9] [10] [11] [12] [13] . It is still controversial whether the Qinling Orogen provided the source material for the lower Yanchang Formation in the southern Ordos Basin. With dramatic advances in analytical methodology, detritalzircon geochronology has been widely applied in the reconstruction of sediment pathways between source areas and the Ordos Basin [14, 15] . Based on recent results from the detrital-zircon geochronology analysis, the lower Yanchang Formation was hypothesized to be mainly derived from recycled sediments of the central-eastern NCC [14, 15] . The data interpretations are new and challenge our traditional understanding. However, according to the latest studies on the stratigraphical division of Yanchang Formation [45, 50] , the provenance of the Yanchang Forma- tion is questionable and needs additional work. To study the provenance of the Yanchang Formation, we collected published data of the detrital zircons from the lower Yanchang Formation. We combined the data from multiple studies [14, 15] , and reinterpreted and reanalyzed the results. The new results provide insight into the provenance, sediment dispersal pattern and sedimentary evolution of the Yanchang Formation.
Geological background
The Ordos Basin is a typical intracontinental basin situated in north central China (Fig. 1) . The basin overlays the Archean granulites and lower Proterozoic greenschists of the North China Platform and was filled with Paleozoic to Cenozoic sedimentary rocks with thicknesses that exceed 8 km in the southwestern part [17] . Since the Mesoproterozoic, the Ordos area has experienced several multicycle tectonic stages.
Meso-Neoproterozoic volcano-clastic deposits are the first sedimentary cover in the basin during the Aulacogen period [18] [19] [20] . Prior to the Permian, the Ordos basin evolved as part of the North China block [14, 17, 21] . The Ordos Basin is superimposed on the marine basin in the Early Paleozoic. Massive marine sediments were deposited in the Early Paleozoic. The Cambrian-Ordovician formations consist predominantly of marine carbonates. Owing to the Caledonian movement, the basin experienced a long period of uplift and denudation during the Late OrdovicianEarly Carboniferous [18] . As a result, the Silurian, Devonian, Lower Carboniferous and Upper Ordovician strata are missing [18, 21] (Fig. 2) . Since the Late Carboniferous, the Ordos Basin experienced another marine transgression. It received paralic coal-bearing deposits during Late Paleozoic-Middle Triassic [23] . During the Middle to Late Triassic, the depositional environment com- pletely changed from a marine-continental transitional depositional environment to a fluvial-deltaic-lacustrine depositional environment because of the collision between the North China Block and the South China Block. This event caused the depositional environment to change completely to that of a continental facies [14, 18, 24, 25] . In the Early Jurassic, the eastern margin of Asia became an active subduction zone [26, 27] . As a result, a series of orogenic processes and localized rifting around basin margins formed the modern Ordos Basin configuration [28, 29] . The Middle Jurassic strata in the basin are composed of fluvio-lacustrine clastic deposits [30] . In the Late Jurassic, the basin's eastern boundary was gradually uplifted and eroded [31] . The Early Cretaceous strata, characterized by red clastic deposits, are the last sedimentary sequence of the Ordos Basin [18, 32, 33] . Overall, the Late Triassic-Middle Jurassic formations are made up of fluviolacustrine clastic deposits. Many mineral deposits were formed in the sediments. Owing to the collision of India and Eurasia in the Middle-Late Eocene, most of the Ordos Basin lacks Late Cretaceous-Neogene sediments except for the western region [34] . In the Cenozoic, the Hetao graben system to the north and the Fenwei graben system to the south were produced by strike-slip movement and intraplate deformation [14] . Quaternary sediments are characterized by loess deposits, especially in the Ordos Basin [18, 20] .
The Yanchang Formation in the Ordos Basin consists lake deltaic deposits. It is formed by yellow sandstones and schists with thin coal beds in the upper part of the section. In terms of lithology, resistivity, and oil saturation, the Changqing Oilfield Company divides the Yanchang Formation into 10 members from the bottom to up: Chang-10-Chang-1 (Fig. 3) . From Chang-10 to Chang-9 Units, the lake expanded rather quickly. From Chang-8 to Chang-7 periods, the lake basin expanded for the second time and thick sediment appeared in the central Ordos Basin. During the deposition of the Chang-7 unit, the Ordos Lake had the deepest water and widest surface. Huge source rocks were deposited. From Chang-6 to Chang-4+5 periods, the lake basin expanded again for a short time, especially in the southwestern Ordos Basin. In Chang-2+3 periods, the lake began to dry up. During the Chang-1 period, the deep lake returned and water levels started to fluctuate [19] .
Methods
Zircon is a useful provenance proxy because of its durability and remarkable chemical stability over a wide range of lithospheric pressures, temperatures, and fluid/melt compositions [37] . The U-Pb age spectra of detrital zircons obtained from clastic sedimentary rocks provide important constraints for evaluating potential source regions [38, 39] . Furthermore, the youngest age of detrital zircons in clastic sedimentary rocks can be used as a constraint on the older age limit of deposition [40, 41] .
An early attempt to use detrital zircons using large zircon fractions was applied to North American beaches and rivers [42] . With the advent of the sensitive high resolution ion micro-probe (SHRIMP) and laser ablationinductively coupled plasma mass spectrometry (LA-ICP-MS), large populations of detrital zircon grains can be analyzed quickly. More recently, LA-ICP-MS U-Pb dating has been performed on detrital zircons from the Yanchang Formation in the southern Ordos Basin [14, 15] . Xie and Heller conducted LA-ICP-MS U-Pb dating at the GeoAnalytical Laboratory at Washington State University (Pullman, Washington, USA). Analyses were done using a New Wave UP-213 laser-ablation system in conjunction with a ThermoFinnigan Element2 single-collector doublefocusing magnetic sector ICP-MS. Fixed 30 µm diameter spots were used with a laser frequency of either 10 or 5 Hz depending on estimated age and Pb abundance. Each analysis consisted of a 6-second warm-up period, with an 8-second delay in recording data to enable the samples to reach the plasma. Detailed procedures are similar to those described in [43] . Two hundred and fifty-eight (258) grains were analyzed from two samples. All analytical uncertainties in age were given with a 95% confidence level. One hundred and fifty-eight (158) grains gave concordant ages (concordance > 90%) [14] . Li and Huang [15] carried out the Zircon U-dating at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences in Wuhan. Laser sampling was conducted using a 193-nm GeoLas 2005 laser ablation system with a spot size of 32 µm. An Agilent 7500a ICP-MS instrument was used to acquire ion signal intensities. Each analysis incorporated an approximately 20s background acquisition (gas blank) followed by 50s of data acquisition from the sample. The operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as those described in [44] . Eighty (80) grains from the Yanchang Formation were analyzed and 67 grains gave concordant ages at the 90% confidence level [15] .
State of knowledge

Yanchang Formation: Problematic Division
Yanchang Formation, which is situated in the Ordos Basin, is not only the first oil source and reservoir rock system in the Ordos Basin after its landlocked basin took form, but it also has the most extensive outcrops out. It is the earliest studied and the most completely developed stratotype section of continental Triassic strata in North China [45] . For a long time, however, the stratigraphic division of the Yanchang Formation has been highly debated (Tab. 1). Gan [51] subdivided the Yanchang Formation into members 1-5 in ascending order: the sandstone member (T 3 y 1 ), the oil shale member (T 3 y 2 ), the oil-bearing sandstone shale member (T 3 y 3−4 ) and the coal-bearing rock member (T 3 y 5 ). In a profile study on the strata in the east of the basin, the CAGS's Institute of Geology discovered that the floral assemblage of 
The detrital zircon studies of the Yanchang Formation
With the development of new analytical methods, detritalzircon geochronology has been widely applied in the reconstruction of sediment pathways between sources and the Ordos Basin [14, 15] . Xie and Heller [14] reported detrital zircon age spectra for the early Yanchang Formation Figure 4 : Relative probability density diagram of the ages for potential source regions (after [54] ).
in the southern Ordos Basin and suggested it was likely recycled from previous sedimentary rocks from the North China block. Li and Huang [15] reported detrital zircon age spectra for the Yanchang Formation in the Yan'an area, and they suggested that the Yanchang Formation is mainly derived from recycled sediments of the central-eastern NCC. Their data interpretations are new and challenge the traditional concept. Previous studies suggested that the Qinlin-Qilian Orogen and the Inner Mongolia Paleo-uplift provided the source for the Yanchang Formation. Few researchers have suggested the Yanchang Formation was derived from recycled sediments of the NCC.
Results
The material comprising the sedimentary rocks is mainly derived from three major sources: high-grade metamorphic rocks of the deeply eroded cratonic basement, young volcanics from arcs and accretionary basins along active continental margins and recycled rock complexes of old crustal sections [53] . The NCC, the Inner Mongolia Paleouplift, the Qinling Orogen, the Qilian Orogen and the pre-Triassic sediments of the NCC constitute the potential source areas for the southern Ordos Basin during the Triassic. To determine the source of the sediment, we compiled the ages of magmatic events and built the age spectrum of the adjacent tectonic units of the southern Ordos Basin (Fig. 4) . The North Qilian Belt is characterized by Early Paleozoic ages, whereas the Central Qilian Belt is characterized by Proterozoic ages (Fig. 4A) . The Qinling Belt is characterized by Early Paleozoic igneous rocks. In addition, there are some Mesozoic ages and Neoproterozoic ages (Fig. 4B ). The~2500 and~1800 Ma tectonothermal events are typically attributed to the NCC (Fig. 4C) . Late Paleozoic magmatic activity within the NCC occurs mainly in the Inner Mongolia Paleo-uplift (Fig. 4D ). In addition, the pre-Middle Triassic sedimentary rocks of the NCC might be the potential sediment source for the southern Ordos Basin in the Middle-Late Triassic. The Carboniferous to Permian strata from the northern margin of the NCC constrain three groups of detrital zircons (250-400 Ma, 1500-1950 Ma, and 2400-2700 Ma; Fig. 5 ). Meanwhile, we collected the previous detrital zircons data from the lower Yanchang Formation (Fig. 6) . The detrital zircon U-Pb age patterns of the three samples show the same distributions, indicating that the three samples have similar provenance. The detrital zircons from the lower Yanchang Formation were divided into three groups based on their U-Pb ages: Pa- Figure 5 : Relative probability density diagram of ages for the Permian section from the North China Craton. Data sources are [55, 56] .
leozoic, Paleoproterozoic, and Neoarchean (Fig. 6 ). Most grains belong to the two older age groups (Paleoproterozoic and Neoarchean). No grains fall within ages between 500 Ma to 1.5 Ga.
Discussion
In general, the NCC is mainly characterized by a Neoarchean and Paleoproterozoic basement [57] [58] [59] [60] . The Late Paleoproterozoic (1.8 Ga) and Neoarchean (2.5 Ga) detrital zircon age clusters of the lower Yanchang Formation may ultimately match that of the basement rocks of the NCC. Therefore, we suggest that the detrital zircons of the Figure 6 : Relative probability density diagram of ages for the early Yanchang Formation. Data sources are [14, 15] .
two old age groups (Paleoproterozoic, and Neoarchean) are likely derived from the NCC basement. The Phanerozoic zircons were only derived from the orogens surrounding the NCC, and these Phanerozoic orogens have distinctive zircon U-Pb ages. Thus the source of sediments can be constrained according to the Phanerozoic zircons accumulated in the sediments [15, 55] . The lack of Neoproterozoic U-Pb ages indicates that no input from the Qinling Orogen or Qilian Orogen occurred, because both of these two source areas are characterized by Paleozoic and Neoproterozoic ages [14, 61] . Although, the lower Yanchang Formation shares a similar age spectra with the pre-middle Triassic sediments (Fig. 5, Fig. 6 ), we suggest that the lower Yanchang Formation is mainly de-rived from the Inner Mongolia Palaeo-uplift (IMPU) rather than from the recycled sediments of the central-eastern NCC, given the following lines of evidence:
1. The eastern NCC uplifted and eroded in the Late Triassic [62] [63] [64] . [55] . The IMPU is located on the northern margin of the NCC (Fig. 1) . It is a Late Palaeozoic Andean-style continental arc and is characterized by Late Paleozoic magmatic activity [65] (Fig. 4D) . The IMPU is a tectonic province with extensive early Precambrian high-grade basement rocks that are unconformably overlain by Jurassic-Cretaceous volcanic and sedimentary rocks. Given the fact that the Late Paleozoic igneous rocks in the NCC are primarily distributed in the IMPU, we infer that the detrital zircons of the Paleozoic zircons mainly came from the IMPU. The sedimentary evidence indicates that the uplift and erosion between the Inner Mongolia Paleouplift and the Yanshan fold-and-thrust belt was distinct during the Late Paleozoic to Early Mesozoic [67] . The IMPU was an erosion area during the early Mesozoic. The strong differential uplift and erosion led to the lack of Mesoproterozoic-Paleozoic sedimentary rocks in the IMPU. The exhumation of the basement crystalline rocks and absence of the Meso-Neoproterozoic and Paleozoic sedimentary rocks in the IMPU are likely a result of these strong differential uplift and exhumation during the Late Paleozoic to Early Mesozoic [67] . The present IMPU is the consequence of major uplift and erosion between the Carboniferous and the Early Mesozoic. Thus, we infer that the Paleoproterozoic and Neoarchean detrital zircons have mainly been derived from the denudation of the IMPU basement, although the possibility that a small amount of source material came from the recycling of previous sedimentary rocks cannot be fully excluded. 3. Paleocurrent analysis revealed that the southern Ordos Basin mainly received easterly and northeasterly derived detritus during the deposition of the lower Yanchang Formation [68] , which provides important evidence for the transport of materials from the IMPU to the southern Ordos Basin during the Middle Triassic. Furthermore, the analysis of the sandstones detrital modes indicates the provenance of the lower Yanchang Formation mainly came from the ancient mountains surrounding the basin [52] , which is consistent with the tectono-sedimentary setting in the northern margin of NCC where the IMPU had been deeply eroded from the Late Carboniferous to the Early Jurassic [65, 66] .
In summary, we suggest that the IMPU may be the main source area for the lower Yanchang Formation. Moreover, the possibility that a small amount of source material came from the recycling of previous sedimentary rocks cannot be ignored. In the Late Triassic, due to the Indosinian movement, the Qinling Orogen belt uplifted rapidly and provided the main source for the southern Ordos Basin. Certainly, IMPU and the pre-Late Triassic sediments of the NCC also constitute potential sedimentary source areas for the southern Ordos Basin. Further studies are needed to fully understand the provenance evolution of the Yanchang Formation.
Conclusions
The Yanchang Formation was deposited as early as the Middle Triassic. The detrital zircons from the lower Yanchang Formation were divided into three groups based on their U-Pb ages: Paleozoic, Paleoproterozoic, and Neoarchean. The youngest age group shows strong resemblance to those of Paleozoic igneous zircons from the IMPU on the northern margin of the NCC. The two older age groups are reflective of the provenance from the NCC basement. The IMPU may be the main source area for the lower Yanchang Formation.
